MEO Arena building is one of the largest indoor arenas of the European Union and the largest one in Portugal. Due to its large capacity and unique structural characteristics, being composed of an inner wooden structure covered by a metallic roof, displacement measurements for structural health monitoring of the building is of utmost importance. This paper presents a method for displacement analysis of its metallic roof based on displacements acquired through Persistent Scatterer Interferometry and on geodetic measurements of the inner wooden structure. Regression models are used to estimate geodetic measures for the time of the SAR observations. Displacements of the metallic roof show a high correlation with temperature.
Introduction
Structural health monitoring (SHM) is a very important task for both safety and economy, as an early detection of structure behavior anomalies may reduce the risk for people lives and reparation costs. Displacement measurements are one of the most useful information sources for SHM. Geodetic techniques such as leveling and tacheometry enable displacement determination, with high accuracy, for a small number of points at key locations on the structure. Large structures are usually monitored once or twice a year through geodetic methods.
The development of satellite-based techniques for displacement measurement such as interferometric synthetic aperture radar (InSAR), which relies on images acquired at the microwaves band of the electromagnetic spectrum, allows a cost-effective monitoring of a large area and with a high density of points. Besides, as the synthetic aperture radar (SAR) sensors currently in orbit have a revisit time spanning from 11 to 16 days, InSAR techniques enable displacement measurements with a higher frequency than traditional geodetic methods. Multitemporal InSAR (MTI) techniques, such as persistent scatterer interferometry (PSI), use datasets of SAR images acquired with the same acquisition geometry at different epochs to obtain displacement time series for locations at the Earth surface with millimeter accuracy. However, InSAR techniques do not enable the user to choose the location of the points being monitored. Therefore, the observed points are usually not at locations of interest for the structure safety control.
A model describing the normal behavior of a structure can be developed based on its response to loads, such as temperature, air humidity, gravity, water pressure (for example in dams) 1 . The observed displacements can be compared to those estimated through the model in order to check if they are statistically equal. If a significant difference is observed between them, it may have occurred an observation error or an anomalous behavior of the structure.
In this paper, an analysis of displacements for MEO Arena building, in Lisbon, Portugal, using InSAR and geodetic displacement measurements is presented. Displacement monitoring at a building such as MEO Arena, which is used by a large number of people, is very important, as a failure of the structure has serious consequences. PSI was used to obtain displacements at the metallic roof of the building, while several points at the inner wooden structure which supports the roof were observed through tacheometry. A regression model was developed from the geodetic measurements in order to obtain displacement observations for the wooden structure at the same time of the SAR observations of the roof. In order to evaluate the roof behavior, the displacements from the wooden structure were removed from the PSI observations and the remaining displacements were analyzed. A second regression model was used to estimate and remove seasonal components from the roof displacements. Section 2 of this paper presents a description of the MEO Arena building, the geodetic observation network implemented and the construction of the regression model. Section 3 describes the methods for the PSI processing and the procedures to achieve the roof displacements. Section 4 shows the results achieved and their discussion, while section 5 presents the main conclusions of the work. 
Nomenclature

APS
MEO Arena building and the geodetic observation network
MEO Arena building was constructed for the World Expo held in Lisbon in 1998. It is one of the largest indoor arenas of the European Union and the largest one in Portugal, having capacity for 20000 people. The structure of the ceiling of the largest room, Atlantic Room, is made of GLULAM -glued laminated timber ( Fig. 1) .This structure has a total of 16 porticos which end in metallic pieces anchored to the massive concrete slab of the pavement. This wooden structure is covered by a metallic roof made of zinc. At the eastern part of the room, there are two technical towers. For the displacement measurement of the wooden structure, a geodetic network containing 32 points was established: 28 are object points, 4 are reference points (two by tower). These ones are located at the technical towers: two are pillars and two are targets. The remaining 28 are located at the center and at the ends of some of the porticos. Tacheometry is used to perform measurements and displacements of the points are determined in a local reference frame with an accuracy of 2 mm. The X axis is along the longitudinal direction of the building, the Y axis is perpendicular to that direction and parallel to the porticos, while the Z axis is at the vertical direction. The structure is monitored twice a year, at different seasons, in order to detect seasonal displacements due to the effect of environmental variables on the GLULAM. On the first years after the construction, wood structures tend to present large displacements which become stable after a few years. The displacements measured have confirmed this behavior. Superimposed on that trend, there is a seasonal behavior that was verified to be correlated to the cumulative effect of air humidity in the GLULAM 1 . In order to account for the seasonal and age effects affecting the structure, a model was defined as in equation 1:
where a0, a1, a2 and a3 are the coefficients to be determined during regression analysis, y(t) is the displacement of a certain point at t and t is the number of days since the end of the building construction. The first two terms of the equation account for the seasonal behavior (with a period of one year), the third one for the age effect and the fourth is a constant. One model is defined for each monitored point and for each axis X, Y and Z, through the geodetic measurements and the dates of the field works. The obtained models enable the computation of displacements for any wanted date 1 .
PSI processing and displacement computation for the roof
A dataset of 35 images of the X-band sensor on board of satellite TerraSAR-X, with HH polarization and from an ascending pass, acquired between December 2011 and July 2013 was used in this study. Temporal resolution is 11 days. Altimetric information was provided by EU-DEM, with 30 m of spatial resolution. The PSI processing was performed with the SARPROZ ® software 2 . The image acquired at 2012/08/22 was selected as master image, ensuring the minimization of perpendicular and temporal baselines of the image pairs formed by each image and the master. Through orbital information, each slave image was coregistered into the master image geometry and the whole dataset was georeferenced by the manual selection of a ground control point. As the considered study region presents a small area (270 m x 270 m), the atmospheric phase screen (APS) was neglected. For the displacement calculation, a model considering non-linear displacements was used and residual height was estimated. Only scatterers with temporal coherence above 0.9 were selected as persistent scatterers (PS). For the reference point of the displacements, the PS with the largest temporal coherence and located at the platform where MEO Arena is built was selected. The goal of this procedure is to minimize the relative displacements between the reference points of the PS and of the geodetic network, as the technical towers where these last references are located are fixed on that platform.
The displacements observed through InSAR techniques are the combination of the displacements of the metallic roof together with those of the inner wooden structure which supports the roof. In order to evaluate the behavior of the roof alone, the component due to the inner structure was removed. The regression model presented in Section 2 was used to estimate displacements for the points monitored through geodesy that are at the same vertical line of the PS, for the acquisition time of each SAR image. Displacements at the directions of the axes of the geodetic reference frame (X,Y,Z) were obtained through this procedure and were then projected at the sensor line of sight (LOS). Nine points were considered for this analysis. The LOS displacements of the inner structure were subtracted from those of the corresponding PS on the roof and the roof displacements were obtained. A new regression model, similar to that from Equation 1, considering only the seasonal and age components, was defined for each of the nine points to model the roof displacements at LOS direction along time. The displacements estimated through this model were subtracted from those of the roof with the goal of removing known effects of environmental variables, such as temperature, and age. Therefore, it may be possible to detect previously unknown effects of other phenomena at the residuals.
Results and discussion
The PSI processing enabled the identification of 88 PS on the metallic roof over the Atlantic Room of MEO Arena (Fig.2) . The reference point is the PS in pink located at the upper left corner of the figure. The cumulative displacements vary between -7 mm (away from the sensor) and 4 mm (towards the sensor) during a time interval of approximately 1.5 years, with most PS at the center of the roof moving toward the sensor during the considered time interval.
After the removal of the inner structure displacements, the correlation coefficient between the roof displacements and the temperature at SAR image acquisition time was computed for each of the nine points considered at the analysis. From Table 1 , it can be observed that most of the points present a high correlation with this environmental variable. This relation is also seen at Fig. 3 . Future research will consider the points whose displacements are not correlated to temperature. The residual roof displacements obtained after seasonal and age effects of the roof were removed using the regression model from Section 3 still present a linear trend. The source for that trend will be researched at future studies.
The results obtained in this study are consistent from previous analysis performed with Envisat ASAR data 3 , in which it was observed that the difference in amplitudes of the oscillations measured using PSI at the roof and those from geodesy at the inner structure might be explained by the thermal dilation of the metallic roof during Summer.
Conclusions
Regression models can be used to estimate the normal response of the structure to certain loads and help to identify anomalous behaviors at an early stage. The inner wooden structure has been monitored since 2002, but there were not any observations of the metallic roof. InSAR technology enabled displacement measurement at this surface for the first time and the identification of which phenomena may influence its behavior. A model for the roof normal behavior was defined. Future work will include the usage of other SAR datasets for displacement analysis and the interpretation of the results achieved in this study, including possible causes for the linear residual effect.
